This paper aimed to develop a simple, sensitive, and rapid chromatographic procedure for the simultaneous analysis of human insulin and its main decomposition product using isocratic RP-HPLC/UV. A column type RP-C18 (100 × 4.6 mm, 3 m particle size, and pore size 130Å) was used. o-Nitrophenol was used as internal standard. The eluent consists of 62% KH 2 PO 4 buffer (0.1 M), 26% ACN, and 12% MeOH. The final pH was adjusted to 3.1. The eluent was pumped at a flow rate of 1.0 mL/min and the effluent was monitored using DAD detector at 214 nm. The method produces a linear response over the concentration range of 0.0106 to 0.6810 mg/mL with detection limit of 0.0029 mg/mL. Considering the specifications of this method, the system was found to be suitable for rapid, direct routine analysis and stability studies of insulin.
Introduction
Since insulin was discovered in 1921 by Frederick Banting and Charles Best, it has become one of the most thoroughly studied molecules in scientific history. Insulin is a pancreatic hormone that treats diabetes by controlling the amount of sugar in the blood. This peptide hormone is composed of 51 amino acids distributed between two peptides chains, one comprising 21 amino acids (chain A) and the other 30 amino acids (chain B). The two chains are joined together by two disulfide bonds between two cysteine residues, where a disulfide bond is the linkage bond between two sulfurs [1] .
Like most proteins, insulin is not stable in aqueous solutions. Its degradation mainly goes through hydrolytic reactions (deamidation) or polymerization mechanisms. Deamidation at asparagine amino acid in chain A of insulin (A21) is considered as the main degradation product of insulin at low pH values, while in neutral or alkaline medium, deamidation at asparagine B3 occurs [2] . Polymerization may also occur in neutral and alkaline medium through transamidation reactions [3] . As a diabetes medicine, the purity of recombinant insulin must be more than 98%, with the insulin-related compound A21 desamido insulin being less than 2% [4, 5] . Most commercial insulin preparations are containing low concentrations of phenol and/or m-cresol as preservatives from bacterial contaminations.
Separation of insulin and its related compounds is a difficult mission due to the insignificant differences in chemical structures. Many immune and nonimmune methods have been reported for determination of human insulin. Radioimmunoassay [6] [7] [8] [9] , enzyme immunoassay [10] [11] [12] [13] , luminescent immunoassay [14] , capillary electrophoresis [15] [16] [17] , and high performance liquid chromatography (HPLC) [18] [19] [20] [21] [22] [23] [24] had been widely used for human insulin detection in vivo and in vitro.
In the determination of insulin in commercial products using RP-HPLC, chromatographic procedure should effectively separate insulin from its major degradation products, such as A21 desamido insulin, and eliminate the interference from the vial additives such as phenol or m-cresol. Although many researchers reported the determination of insulin content using HPLC as a powerful technique for purity determinations of proteins [18] [19] [20] [21] [22] [23] [24] , most of the assays failed to achieve adequate resolution between insulin and its desamido form due to poor chromatographic conditions [5, 24] . Most of these methods tried to control the degree of insulin ionization 2 Advances in Pharmaceutics by using a mobile phase with low pH and high salinity, which affect the column pressure and led to response fluctuations. Other methods applied the use of gradient mobile phase but were considered time consuming and not applicable for routine analysis because of high retention time (20-45 min) . Other limitations of the published methods are applying an ion-pairing reagent, special columns or column temperature controller which is not popular in most of the analytical laboratories.
This paper aimed to develop a rapid and effective chromatographic procedure for simultaneous analysis of human insulin and its main decomposition product, using isocratic RP-HPLC method which also applied the addition of internal standard. The developed chromatographic method was successfully validated in terms of selectivity, linearity, precision, accuracy, solution stability, LOD and LOQ.
Experimental

Materials and Methods
Chemicals and Reagents.
The chemicals needed with their purity grade and the sources of purchasing are as follows: methanol-HPLC grade from TEDIA (Fairfield, USA), acetonitrile-HPLC grade from Merck (Darmstadt, Germany), hydrochloric acid 32% from Panreac (Barcelona/ Spain), o-phosphoric acid 85% from Panreac (Barcelona/ Spain), phenol-extra pure from Across (Geel, Belgium), mcresol-pure from Across (Geel, Belgium), o-nitrophenol 99% from Across (Geel, Belgium), potassium dihydrogen phosphate-analytical grade from Merck (Darmstadt, Germany), and human insulin from Biocon (Navarangpura/India).
Instrumentation.
The HPLC system consisted of a Thermo Spectra Physics delivery pump (P2000 pump, TSP) equipped with a 6-valve sample injection port (7725i, Rheodyne) fitted with a 20 L sample loop, a diode array detector model (2800 Knauer), and integration software (EuroChrom, Knauer).
Method Development.
Insulin, as all large molecules, does not easily gives sharp chromatography peak, but usually gives a broad peak with tailing. Another problem is to get good chromatographic resolution between insulin and insulin-like molecules (degraded products) in acceptable retention time. Finally it is important to use internal standard in the insulin determination method because of fluctuated response of insulin. The method was developed for the determination of insulin in the presence of main degraded product (A21 desamido insulin) and common vial additives like phenol and m-cresol and also in the presence of internal standard with suitable run time and commonly available instruments.
During the development, the researchers persist to apply isocratic HPLC system with safe mobile phase (not highly saline, pH more than 2.5, and acceptable flow rate). By trying different columns (RP-C2, RP-C8, and RP-C18) from different manufacturers with different lengths (25.0, 15.0, 12.5, and 10.0 cm) and constant internal diameter of 4.6 mm and using different mobile phases prepared from different solvents as methanol (MeOH), acetonitrile (ACN), and aqueous buffer solutions at different pHs (<2.5), the following chromatographic conditions were adopted:
column: Hypersil RP-C18, 100 × 4.6 mm, 3 m particle size (pore size 130Å) from Thermo Scientific (New Hampshire, USA); 
Preparation of Internal Standard (IS) Stock Solution (I).
Preparation of Internal Standard (IS) Stock Solution (II)
.
Preparation of Insulin Stock Solution (I)
. 0.1362 g of Insulin was dissolved in 100 mL of 0.01 M HCl solution; this will give an insulin solution with the concentration of 1.362 mg/mL. The solution was kept in refrigerator (<5 ∘ C) for not more than two days [24] .
Preparation of Insulin Stock Solution (II).
12.5 mL of insulin stock solution (I) was diluted to 100 mL with 0.01 M HCl to give a solution of insulin with a concentration of 0.17025 mg/mL. The solution was kept in refrigerator (<5 ∘ C) for not more than three days.
Preparation of A-21 Desamido Insulin. 10 mL aliquot of insulin stock solution (I) was transferred to a clean test tube and incubated at 35
∘ C for 4 days [25] .
2.1.9.
Phenol and m-Cresol Mixture. 0.600 g of each phenol and m-cresol were dissolved in 25.0 mL deionized water and few drops of methanol. 200 L of this mixture with 25 mL of IS stock solution (I) was diluted to 100 mL with 0.01 M HCl to give a final concentration of 0.0480 mg/mL for each phenol and m-cresol and 0.0400 mg/mL for IS. 
Preparation of Standard Insulin Solutions for the
Preparation of Quality Control (QC) Insulin Solutions.
The insulin stock solution (II) with the concentration of 0.17025 mg/mL was used to prepare quality control samples with the concentrations of 0.17025, 0.06810, and 0.01703 mg/mL to check the method precision, accuracy, and stability.
Method Validation Experiments
Selectivity and Interference of Additives.
Selectivity of the method was studied by processing blank solutions (0.01 M HCl) and mixture solution of insulin, A21 desamido insulin, IS, and vial additives (phenol and m-cresol). 2.0 mL of phenol and m-cresol mixture was diluted with 2.0 mL of A21 desamido solution (prepared as previously described); this mixture was processed and compared with a solution of freshly prepared insulin (standard 1). Chromatograms are depicted in Figure 1 .
Linear Range.
The linear range is important to clarify the concentration range where the relation between the concentrations and signals is linear. From the development experiments, it was shown that the method is linear up to insulin concentration of 0.6810 mg/mL in 0.01 M HCl. In order to validate this assumption, four sets of calibration standard solutions containing seven concentrations ranging from 0.0106 to 0.6810 mg/mL were freshly prepared as shown in Table 1 . These solutions were injected in duplicate, and accumulated chromatograms of these standard solutions are represented in Figure 2 . The relative peak areas (peak area of insulin/peak area of IS) were plotted against the nominal concentrations of insulin solutions and linearity was tested 4 Advances in Pharmaceutics by calculating 2 (correlation coefficient) value, which should be >0.99; Figure 3 shows the average constructed calibration curve for four sets of calibration standards.
Limit of Detection (LOD) and Limit of Quantitation (LOQ)
. LOD and LOQ were calculated based on the signalto-noise ratio. A signal-to-noise ratio (S/N) of three is generally accepted for estimating LOD and signal-to-noise ratio of ten is used for estimating LOQ [26] .
Precision (Repeatability).
Six different preparations of insulin solutions of the concentrations 0.06810 and 0.01703 mg/mL in the presence of 0.0200 mg/mL IS were prepared in 0.01 M HCl. Each solution was injected twice. The average area ratio for each solution was calculated and used to calculate the concentration of these solutions using the linear equation. These back calculated concentrations were subjected to precision calculations (standard deviation and RSD%). All these data are shown in Table 2 . 
Accuracy.
Three different solutions were used to present the accuracy of the analytical method. Each of these solutions was injected three times and the average was calculated. The back calculated concentration for these solutions was evaluated from the slope and intercept of the calibration curve. The average, standard deviation, relative standard deviation (RSD%), and relative error were calculated for each concentration and shown in Table 3 . These values were used to illustrate the accuracy of the method.
Stability.
The stability was evaluated for aqueous insulin solution during analysis time and storage period. Insulin was analyzed immediately after preparation as well as after 12, 24, and 48 h in room temperature for the concentrations of 0.01703 mg/mL and 0.17025 mg/mL. Stability was calculated as the percent ratio of concentrations determined after each storage time with respect to the fresh assay. Results are presented in Table 4 .
Results and Discussion
The aim of this work was focused on developing a simple chromatographic method for insulin determination without Advances in Pharmaceutics 5 the use of sophisticated and rare gradient elution and without the employing of harsh mobile phase (low pH and highly salinity) or uncommon chemicals and columns. On the same time, the aimed method should be suitable for routine analysis of insulin in the presence of its major degraded product and vial additives. This was done by fine-tuning of mobile phase composition and using small particle size for stationary phase. The use of internal standard (IS) in insulin determinations in pharmaceutical preparations is not common [18] [19] [20] [21] [22] [23] .
The developed method applied the use of internal standard to overcome any changes that might happen with chromatographic conditions, especially which related to the mobile phase fine composition. Several chemicals were tested as internal standard, among these o-nitrophenols, has been chosen as the most fitting because of its proper retention time. Figure 1 illustrates chromatograms for insulin in the presence of internal standard and insulin in the presence of its degraded product and vial additives.
The method approved its rapidity where the retention time of insulin is 7.9 minutes and that for insulin degraded product is 9.36 minutes where the repeatability is less than 0.52%. The selectivity of the method was established by comparing the chromatograms of standard insulin with degraded insulin as shown in Figure 1(b) . The chromatograms proved that no interferences occurred with the retention time ( ) of insulin peak. The method also shows good resolution ( ) of 1.56 between insulin and A21 desamido insulin (main degradation product).
Linearity test of the method is demonstrated by the standard solutions chromatograms presented in Figure 2 and calibration curve is depicted in Figure 3 . Linearity was confirmed by correlation coefficient of 0.9998 over the range of 0.0106-0.6810 mg/mL; data are listed in Table 1. LOD and LOQ were assessed for the developed method and found to be 2.93 g/mL for LOD and 9.78 g/mL for LOQ.
The precision (repeatability) was tested at two different levels of insulin concentrations. Data presented in Table 2 revealed acceptable values for method precision. Relative standard deviations (RSD%) were 1.82 for the low concentration level (0.01703 mg/mL) and 0.91 for the middle concentration level (0.06810 mg/mL).
The accuracy of the method was studied at three different concentration levels and the relative error was ranging from −1.79 to 1.41%, as shown in Table 3 .
Stability experiments were performed at two concentration levels (0.17025 and 0.01703 mg/mL) to determine bench top stability (after 12, 24, and 48 h) at room temperature. Stability was calculated as the percent ratio of the determined concentration after each storage time with respect to the fresh assay. The stability results are summarized in Table 4 .
The results show that insulin is stable in acidic medium (pH 2) at room temperature for not more than 12 hours, which is enough time for analysis. The samples should be stored in refrigerator and it is recommended to prepare fresh calibrators for each day of analysis.
Conclusions
The new developed isocratic RP-HPLC analytical method for the determination of insulin is simple, sensitive, selective, precise, accurate, and rapid with a short run time of 7.87 min compared to the USP method of 90 min. The method employed a C18 column with ultraviolet detection at 214 nm. This method was tested for the study of insulin and its desamido degradation product and in the presence of phenol and m-cresol which present in low concentration in the commercial insulin preparations as preservatives with good separation between their peaks. The method proved its validity and therefore can be used for the routine analysis of human insulin. o-Nitrophenol was successfully used as internal standard which improves the accuracy and linearity of the calibration curve.
